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ABSTRACT  
   
Soft lithographic printing techniques can be used to control the surface 
morphology of titanium dioxide layers on length scales of several hundred nanometers. 
Controlling surface morphology and volumetric organization of titanium dioxide 
electrodes can potentially be used in dye-sensitized solar cell devices. This thesis 
explores how layer-by-layer replication can lead to well defined, dimensionally 
controlled volumes and details how these control mechanisms influence surface 
characteristics of the semiconducting oxide.   
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CHAPTER 1 
INTRODUCTION 
Motivation  
There is no shortage of evidence supporting a view that anthropogenic carbon 
emissions is upsetting the atmospheric composition of gases and contributing to mean 
global temperature increases (IPCC, “Global Warming 2007”).  This effect will likely 
change landscapes, disrupt agricultural plantings, trade, and in general peoples known 
ways of life.  And if one can get beyond the slogans and the what-if scenarios, it becomes 
blindingly obvious which course we must take.  We are on a giant spaceship, with limited 
resources, and we are living within a test case.  We can never know with certainty how 
our actions will influence our outcomes but if we are sensical, we must not alter our 
environment too greatly, else we destroy the only resources we have.  Who in their right 
mind would set fire to the very ship they are navigating? 
From a political standpoint, the current debate has gone from idling to slightly 
tipping in favor of believing in this global heating trend, yet there seems little political 
will to do things that would certainly upset the economy in the near term.  The issues are 
certainly complex, and warrant careful consideration, but there seems little resolve to 
alter the status quo and work towards truly mitigating this potential problem.  In so 
many ways, there is no pact between all civilized nations that seek to ban carbon dioxide 
as a pollutant.  There is no mechanism that exists within the structure of out current 
economic system that castigates the heavy users of unreplenishable energy stocks.  The 
price will certainly go up, and it has, but there is no mechanism beyond price that deters 
us.  There is no blinking light that signals the potential gravity of the situation.  There is 
no magic hand that demands we make a change in course.  We are beholden to our 
petroleum super-corporations and multinational, oil-pumping conglomerates.  We are 
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an unwavering populous that literally cannot survive without our crutch- hydrocarbon 
based fuel.   
And perhaps this is of little real importance, because we will either figure it all 
out, and things will be fine, or we will not, and things will be well, unknowable.  I tend to 
feel an optimistic sentiment in regards to this great challenge.  If the sun is to burn 
brightly and heat our planet for a few more billion years, and if the moon will continue to 
pull back and create our tides, and if the atmosphere continues to exchange gases with 
all the living and nonliving things, why would we not use these true, unrelenting 
resources?   
The impetus of studying renewable means of creating energy is to hopefully take 
part in figuring out ways to better conserve, and use more wisely, our limited resources.  
This thesis is my attempt to begin to better understand a number of technologies that 
may one day be suitable for creating a different energy path, namely, photovoltaics (PV) 
and nanotechnology. 
Photovoltaics, while certainly made of limited quantities of material resources, 
when designed and manufactured properly, offer a nearly benign way of interacting with 
the environment.  The technology offers a smart way of using one of our most abundant 
natural resources, the sun.  By transforming the energy of the photon into a more useful 
electrical energy that we can use to power all of our electronic machines, PV offers a 
legitimate energy vector, one that transfers energy over the course of years and lifetimes, 
not just seconds- as is the case when we combust the fuel we work so hard to bring up 
from deep inside the earth. 
Nanotechnology is revolutionary in that as we control smaller and smaller length 
scales we discover properties that we never knew existed, or perhaps create properties 
that never did.  In controlling smaller length scales we too can create technologies that 
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transcend the bounds of conventional nanomaterial research.  Nano-scale printing and 
lithographic techniques provide a multitude of channels for us to create new knowledge, 
with implications in microelectronics, be they semiconductor manufacturing or fuel cell 
research, to the realm of biotechnology, in areas as vast as microfluidics, drug delivery, 
DNA and cell isolation and manipulation (Whitesides 1161). 
In my research I wanted to combine the aspects of photovoltaics while also 
developing a greater understanding of nanomaterials and an area of nano-scale printing.  
My intention was to explore a potential future photovoltaic technology, the dye-
sensitized solar cell (DSSC).  I was interested in trying to enhance the cells performance 
through a technique that would allow me to also learn more about nano-printing. Along 
the way discoveries were made that morphed the scope of the project.  As adsorption is a 
prerequisite to the “dye-sensitized” solar cell, a conscious decision was made to move 
away from preparing devices and move towards uncovering the state of the surface.   
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Purpose and Scope 
The purpose of this work is to investigate the structural organization of a printed 
Titanium Dioxide (TiO2) semiconducting layer for potential use in a dye-sensitized solar 
cell application.   The project scope addresses two questions. Namely: 
1. Utilizing a reverse nano-imprinting technique, can layer-by-layer deposition 
create a well-defined 3-dimensionally controlled volume?  
2. Does the printing method alter the surface chemistry of the TiO2 layer and if so 
can it be sufficiently characterized? 
 
The techniques and technologies used to verify the research questions are: 
1. Scanning electron microscopy (SEM) and Atomic Force Microscopy (AFM) are 
used to measure the length scale and validate the structure of the TiO2 surface. 
2. X-ray Photoelectron Spectroscopy (XPS) will be used to validate the surface 
chemistry. Contact angle measurements coupled with Lewis Acid-Base/van Oss-
Good-Chaudhury methods will be used to estimate the relative surface energy. 
Fourier Transform Infrared Spectroscopy (FTIR) is used in support of the 
chemical identification of surface constituents.   
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Paper Organization 
This paper is organized into 5 sections.   
o Chapter 1 is an introduction.  
o Chapter 2 consists of a literature review. The aim of the review was to comment 
on literature that is relevant within the scope of this project.  Emphasis was 
placed on understanding the current state of dye-sensitized solar cell 
technologies and nano-printing methods, as well as methods used for 
characterizing the state of surfaces.   
o Chapter 3 covers the methodology employed in creating TiO2 prints, the practice 
related to sessile-drop contact angle measurements and various other 
experimental techniques. 
o Chapter 4 covers results and discusses their implications. 
o Chapter 5 contains closing remarks and possible future interests.   
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CHAPTER 2 
REVIEW OF RELATED LITERATURE  
Photovoltaics 
Photovoltaic development is typically categorized within the context of three 
broad generations.  Present-day photovoltaic modules are manufactured predominantly 
from ingots of bulk, single or poly-crystalline silicon whose processing methodologies 
were born out of the semiconductor industry.  These first-generation cells have an 
inherent, high material processing cost.  In addition, the fabrication and installation of 
these modules is very labor intensive.  The commercially available first-generation cells 
that dominate the residential PV market achieve upwards of 20% efficiency.  Single 
crystal cells have reached beyond 25% efficiency (Green 183), which is quite remarkable, 
as the value is certainly nearing the Shockley-Queisser limit (Shockley and Queisser 510). 
Second-generation cells have adopted a thinner is better approach.  Much like the 
previous generation, the fabrication of second-generation cells requires sophisticated 
processing and the material costs are relatively high.  That said, the cells use less 
material as a means of lowering total cost.  The second-generation cells are 
predominantly exotic semiconductor thin films: silicon, cadmium-telluride, copper-
indium-gallium-diselenide.  These cells typically achieve efficiencies that fall below that 
of crystalline and polycrystalline efficiencies but require less materials to fabricate and 
can be constructed in a more integrated and pleasing manner.   
Third-generation photovoltaics are a loosely bunched group of potential 
semiconducting technologies that are in the research and development stage and have 
shown modest efficiency growth over the span of their limited lifetimes (National Center 
for Photovoltaics, Research Cell Efficiency Records).  They show promise to potentially 
bring down material and fabrication costs, as well as limiting environmental impact.  A 
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multitude of technologies exist: quantum dots, organic semiconductors, dye-sensitized 
cells, multi-band and tandem hybrids (Conibeer 42; Green “Third Generation 
Photovoltaics” 65).  All show promise as robust and scalable solutions for the next 
iteration in solar cell development.   
 
Dye Sensitized Solar Cells 
Dye-sensitized cells are one of these third-generation cell types that could prove a 
promising technology, perhaps even leading to widespread adoption through cost 
reduction and an expanded market presence.  The cells tend to be made from earth 
abundant, environmentally neutral materials and have the ability to be easily scalable 
through roll-to-roll fabrication should efficiencies continue to increase and 
commercialization becomes feasible.   
The dye-sensitized solar cell is credited to O’Regan and Gratzel whom proposed 
the first photo-electro-chemical cell constructed of a ruthenium sensitized, mesoporous 
Titanium Dioxide (TiO2) film (O'Regan and Grätzel 737).   To date, DSSC conversion 
efficiency within a laboratory setting hovers around 10-12% (Ito, et al. 4613; Chung, et al. 
486; Lee, et al. 14582). 
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Figure 1 DSSC Components 
 
 
The main components that make up a DSSC are: a conductive, transparent glass 
substrate. This transparent conducting oxide (TCO) is typically Indium-Tin-Oxide (ITO) 
or Fluorine doped Tin-Oxide (FTO).  These conducting glass substrates serve as an 
electrode media to which an anode or cathode can be fashioned.   A hole is typically 
drilled in the cathode for electrolyte filling and the conductance is typically enhanced, as 
is the cells catalytic activity, through a solution dispersed, nanoparticle platinum (Pt.) 
layer.   The Pt. layer is typically sintered at an elevated temperature to promote Pt. and 
substrate adhesion and Pt. activation.   
The anode is typically constructed by way of a dispersion of TiO2 nanoparticles 
coated onto the substrate via a doctor-blading or silk-screen printing technique.  The 
substrate is sintered to create a homogeneous, interconnected matrix of crystalline TiO2.  
The anode is submerged into a bath of dye, where the active area adsorbs the sensitizing 
agent.  The anode and cathode are then joined with a thermally activated polymer gasket 
to create a sandwiched cell.  The gasket creates a void between the active areas of the 
anode and cathode.  The volume is then filled with a liquid electrolyte, typically an 
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Iodide/ Tri-iodide redox couple (I-/I3-).   The filling hole is then sealed.   
 
Operation Principles 
The DSSC functions on a hybrid principle that is unlike conventional p-n or p-i-n 
junction cells, in that light absorption and charge carrier transport are separate 
mechanisms.  Also, a redox-shuttle is used to maintain continuous functionality within 
this hybrid photo-electro-chemical cell.  While the operation is still not completely 
understood in detail, and continues to be an active area of research (Hamann, et al. 66; 
Katoh, et al. 4818; Grätzel 145), it can be characterized by a few general principles that 
are at play.   
 
Figure 2 DSSC Operation Principles 
 
Incident photons are absorbed by a dye-sensitizer that is dispersed throughout, 
and interconnected to, a matrix of mesoporous semiconducting nanoparticles, typically 
antase TiO2.  This excited dye undergoes electron photo-generation, a photo-oxidation 
process, whereby the dye looses, or injects, an electron into the semiconducting 
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oxide’s conduction band to which it is chemically attached.  The cells porous 
semiconducting volume and the boundaries between it and the other dissimilar 
electronic materials lead to an innate charge-carrier mobility that is orders of magnitude 
lower than that of crystalline silicon (Sirringhaus, et al. 685; Petrozza, Groves, and 
Snaith 12912; Hendry, et al. 755).  In so many words, the electron tends to make a lot of 
stops before exiting from the anode. In conventional photovoltaics this would lead to 
diminishing electronic performance.  Owing to the unique nature of the DSSC, the 
mobility does not limit the cell from functioning in a useful manner as other processes 
are at play, specifically, the charge-carrier lifetime (O'Regan and Grätzel 737).  The life-
time effects how long the charge is capable of existing before recombining with 
oppositely charged species.  In effect, the longer the life-time the more probable the 
charge will find it’s way outside of the cell and be put to use.  In regards to the DSSC, the 
charge-carrier lifetime is quite large (Sirringhaus, et al. 685).  So, the efficiency of the cell 
is quite good.  This balancing act is what makes the DSSC a feasible energy producing 
technology. 
So, the electron that has made it’s way through the porous anode travels out of 
the circuit to perform useful work while the dye is left in an oxidized state.  The dye 
needs to be regenerated so that it can continue to function as a photon acceptor and 
electron injector.  The electrolyte serves as this redox shuttle.  It regenerates the dye 
through what is typically proposed to be a multi-staged charge-transfer process (Peter 
2630; Fisher, et al. 949).  
Iodide serves to regenerate the oxidized dye.  Tri-iodide ions are formed during 
this reaction and through diffusion wander towards the counter electrode where the tri-
iodide is reduced back to three iodide ions, with help from the electrons that have 
returned back from their voyage outside the confines of the cell.   
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Losses and Optimization 
Multiple loss mechanisms exist, as this process is not perfect.  Part of the cells 
potential electrical energy is not leaving the cell to do useful work but is instead being 
used to drive some of the internal mechanisms- most notably the recombination process.  
Some of the photo-generated electrons, that would otherwise be used to do useful work, 
go instead towards regeneration of the oxidized dye.  This required overpotential is 
equivalent to a tax the cell must pay.   It contributes significantly to the system level 
internal losses.  The regeneration process is on the order of 0.6 eV, which leads to cell 
voltage losses of around 600mV, thereby limiting the maximum attainable energy of the 
cell (Tetreault and Grätzel 8506; Snaith 13). 
Other loss mechanisms exist as well.  Internal resistivity of the cells components 
and at the cells interfaces leads to losses in potential and influences the cells total 
efficiency, as do losses brought on by the incomplete absorption of incident photons.  
Additional losses can occur as conducting electrons pass through the oxide layer to the 
counter electrode by reacting with the redox shuttle and/or solvent, organic compounds 
that exist within the localized area.   
The open circuit voltage is ultimately related to the difference in the quasi Fermi 
level of the electron within the TiO2 and the redox potential of the electrolyte.  The closer 
the Fermi level of the oxide layer is brought towards the conduction band and lowest 
unoccupied molecular orbit of the dye sensitizer, the higher the open circuit voltage will 
be (Snaith 13). 
The recombination losses influence the maximum current carrying ability of the 
cell.   Working towards limiting recombination within the cell can help shift the quasi 
Fermi level of the electron within the oxide layer closer to the conduction band, and thus 
indirectly improve the open circuit potential of the cell. Enhancing transport 
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mechanisms within the cell will allow for more efficient charge collection, and can help 
alter the maximum attainable current for the cell, as well as improve the total efficiency 
of the cell.  (Snaith, et al. 424003) 
There are an assortment of approaches that have been used to try and effect cell 
performance, by enhancing the electrolyte or getting rid of it all together with the use of 
p-type, direct bandgap materials in lieu of a traditional redox mediators (Chung, et al. 
486), by doping the semiconducting anode and enhancing its open circuit voltage via 
direct engineering of the bandgap (Dürr, et al.  21899), creating TiO2 nanoparticle core-
shell structures (Tetreault and Grätzel 8506) and total system optimization and photonic 
crystal addition so as to reflect back unabsorbed light (Lee, et al. 14582). 
While the avenues that have been pursued are wide, there are a number of areas that 
perhaps point towards the current trend in optimization within the DSSC research 
community.  Individually optimizing or collectively optimizing the following areas 
promise new paths towards knowledge (Zhang and Cao 91). 
 
o Increase light harvesting efficiency by way of molecular photosensitizer design by 
increasing the molar extinction coefficient and spectral response of the dye.  In so 
many words, make and/or choose dyes that are better at absorbing photons and 
use dyes that can absorb photons better over a wider range of the optical 
spectrum 
o Increase the open circuit voltage of the cell by optimizing the semiconductor and 
the dye in unison.  The open circuit voltage of the DSSC is determined by way of 
the difference between the quasi Fermi levels of the electrons within the 
semiconducting layer and the potential of the redox shuttle.  Investigating redox-
couples that have energy levels that are more closely inline with the oxidized dye 
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and semiconductor can provide cell enhancement. 
o Altering any characteristics that reduce energy loss mechanisms, be they charge 
recombination, optical reflectance, or electron trapping are avenues that promise 
enhancement in cell performance 
 
Surface Energy Measurements 
The interaction between a surface, a liquid and the environment is a complex 
phenomenon of intersecting media.  The balance of forces between processes can be 
compartmentalized into electrodynamic interactions of the apolar, Lifshitz-van der 
Waals type (LW) and the polar, Lewis Acid-Base type (AB).  There are certainly other 
forces at work, be they electrostatic, Brownian, etc., but these forces will not be 
discussed.     
LW-type interactions arise from the force balance brought on by atom-atom 
proximity.  These can be thought of as what are generalized as van der-Waal type forces 
or those forces brought on by permanent or induced dipoles. The susceptibility of an 
atom to localized forces arises from the atoms intrinsic characteristics.  How much an 
atom “feels” a force is proportional to how polarizable the atom is, how innate the dipole 
moment is with regards to the atoms makeup, and the very frequency or phase velocity at 
which the atom resonates- more clearly, it’s characteristic energy.    
AB interactions arise from an atoms willingness, or lack there of, to share, or 
accept, electron pairs from nearby atoms.  This is the basis of Lewis theory, where a 
Lewis-acid receives a pair of electrons and is thus an electron-pair acceptor while a 
Lewis-base donates a pair of electrons and is thus an electron-pair donator.  The 
propensity of an atom or a group of atoms to give or take electrons is a balancing act, a 
mutual compromise between both parties to get together for the sake of creating a lower 
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energy system.  This intermingling can greatly influence atom interaction and at close 
range can exceed LW interactions by two orders of magnitude (van Oss 1). 
The equation for the force balance of a liquid resting on an ideal solid with a 
three-phase boundary is attributed to Young (Young 65): 
 
where γS/L is the work required to form the solid-liquid interface, γS/V is the work required 
to form the solid-vapor interface and γL/V  is the work required to form the liquid-vapor 
interface.  It is assumed the system is in equilibrium and the work associated with 
creating the solid and liquid-vapor interfaces are equivalent to those values associated 
with the solid or liquid, i.e. γS/V = γS, γL/V = γL. 
 
 
Figure 3 Sessile Drop with Interface 
 
The Dupre equation (Dupré 367) relates the work of adhesion between a solid 
and liquid  
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and the surface free energy per unit area, surface tension, is defined as: 
 
where ΔGii is the free energy of cohesion (van Oss). 
The Lifshitz-van der Waals contribution to surface tension, between two apolar 
materials 1 and 2, can be written in accordance with Good-Girifalco-Fowkes (Good and 
Girifalco 561; Fowkes, 2538):  
 
The equation relating the cohesive energy between materials 1 and 2 in vacuum is 
related to the surface tension by way of Dupré : 
 
Thus, the apolar, LW, surface free energy per unit area of materials 1 and 2 is related to 
the free energy of cohesion by: 
 
The Acid-Base component of the surface tension is related to the polar portion of 
the cohesive energy by: 
 
where γ+ is the electron-acceptor (acid) portion of the surface tension and γ- is the 
electron-donor (base) portion of the surface tension for material 1 or 2 (van Oss). 
The polar, AB, surface tension of a substance in vacuum is related to the polar 
cohesive energy of the substance by:  
 
where the subscript i  denotes the substance.  Again, utilizing the Dupré equation and 
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noting the relation between surface tension and cohesive energy: 
 
 
the polar interfacial tension between materials 1 and 2 can formulated as (van Oss): 
 
 
Adopting Young’s equation, and substituting subscripts S, L and SL to denote 
solid, liquid, solid/liquid interface, Young’s equation becomes: 
 
The Dupré equation can again be used and combined with Young’s equation to yield an 
expression for both the Acid-Base and Lifshitz-van der Waal components: 
 
 
Combining the Acid-Base and Lifshitz-van der Waals cohesive energy terms yields: 
 
The equation above can be manipulated and the polar and apolar components of 
the solid surface free energy can be solved for, should the details of the liquid polar and 
apolar parameters be known, as well as the angle θ.  Thus, a system of three equations 
and three unknowns can be matrix multiplied and solved for, where L1, L2, and L3 are 
test liquids with established polar and apolar components and θ is the angle subtended 
by the lines tangent to the liquid droplet and solid surface interface.  S is the solid being 
tested.   
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Nanoimprinting 
There are a multitude of fabrication processes that have been explored to control 
the dimensionality of materials on length scales of several micrometers down to the 
nanometer (Schift 458; Guo 495).  More traditional lithographic methods implement a 
photon, electron or ion source that radiates the base material to physically and 
chemically alter its dimensionality.  Masking layers serve to protect those areas that are 
intended to remain un-etched. Nanoimprint lithography (NIL) is a physical deformation 
process that utilizes a stiff mold and an applied load to mechanically deform the base 
material.  Soft lithography is a non-photolithographic, quasi-non-mechanical 
deformation process (Xia and Whitesides 153).  There are numerous techniques that fall 
under this umbrella category. The processes are generally low cost and thus serve as 
easily accessible tools for fabricating micro- and nanostructures.   
The techniques within this category share a few common elements.  A polymeric, 
patterned relief mold, a stamp, is used to transfer or print the base material.  
Poly(dimethylsiloxane) (PDMS) is widely used as it has relatively good mechanical 
stiffness and low surface energy (Qin, Xia, and Whitesides 491).  These two features are 
instrumental in the transfer process as a high modulus necessitates a stiff mold that will 
replicate accurately and low surface energy is a requisite to transfer- as the material 
being transferred will preferentially adhere to the substrate more readily than the stamp 
face. 
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 Sylgard 184 is a standard 2-part base and curing agent supplied by Dow Corning 
and is the common polymer used to fabricate structures on length scales approaching 
500 nm (Xia, Whitesides 550; Xia et al. 1823).  The base and curing agent are mixed, the 
mixture is often de-gassed in a desiccator, and the liquid precursor is cast onto a relief 
structure.  The relief structure can be a grating, or a substrate that has been structured 
through a conventional lithographic process, micro-machining, focused ion beam, etc.  
The relief structure is often functionalized with tridecafluoro-1,2,2,2-
tetrahydrooctyl-1-trichlorosilane (Qin, Xia, and Whitesides 491; Xia and Whitesides 
153).  This in effect creates a monolayer of Silane on the stamps surface and thus allows 
for multiple stamps to be made from the master without incurring damage to the master 
face.  Heating the mold and pre-polymer above room temperature expedites cross-
linking and solidifies the stamp.  The stamp can then be used in any suitable transfer 
process.  Hybrid stamps can also be made to extend the functionality of PDMS and allow 
for replication below 100 nm by further increasing the modulus of the stamp face and 
lowering it's surface energy (Odom 5314; Schmid and Michel 3042).   
Reverse nanoimprint lithography and micro-transfer molding are nearly identical 
processes.  A stamp is usually coated through a spin-coating, sol-gel-like process. A 
solution of base material is spun onto the stamp. The stamp is then flipped over and 
placed onto a substrate and the solvent is allowed to evaporate.  The stamp is then peeled 
off the substrate and the base material is left on the substrate with the relief features 
present.  
Numerous groups have used variations of NIL and soft-lithographic techniques 
to form controlled nanostructures (Shi 9639; Xia et al. 223106; Zaumseil et al. 1223; 
Weiss C6M198).  Other groups have had success in fabricating, more specifically, 
structures using TiO2 solutions.  Yoon et al. applied pressure to create TiO2 
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nanostructures using a NIL (Yoon, Yang, and Lee 126) and reverse-NIL process (Yoon 
2810), while Richmond et al. used a pressure-less soft-imprint technique to create TiO2 
nanostructures (Richmond, Zhang, Cao and Weiss 022603-1).  Barbé et al. fabricated 
diffractive light trapping and passivation coatings for photovoltaics (Barbé, et al. 143). 
Throughout, successful material transfer was predicated by solvent content and the 
dispersions film thickness, variables controlled by material concentration, spin speed 
and time.  
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CHAPTER 3 
METHODOLOGY 
The research task was separated into two epochs.  The first phase addressed the 
printing method.  The focus was on understanding the requisite control mechanisms for 
making successful TiO2 prints.  The second phase created prints on conducting and non-
conducting medium, so that the TiO2 could be examined with SEM, AFM, XPS, and 
contact angle. 
 
Mold Making and Substrate Preparation 
A PDMS mold was fabricated using a 10:1 mass ratio of polymer base to curing 
agent (Sylgard 184, Dow Corning Corporation) (Qin, Xia, and Whitesides 491).  Upon 
aggressive, yet controlled mixing, the polymer mixture was placed in a desiccator for 30 
minutes.  Occasionally the vacuum was broken so as to agitate the escaping air bubbles 
ascending towards the mixtures surface.  The PDMS mixture was poured over a plastic 
grating (Edmund Optics) that sat atop a Si-wafer. An acrylic mold measuring 1.25” x 
1.25” x 0.093’’ formed a filling template.  The Si-wafer, template, grating and Sylgard 
mold were placed into a 60°C oven for 6 hours and allowed to cool overnight. 
Upon removal from the oven, the acrylic template with PDMS mold was removed 
from the Si-wafer.  The grating sheet was kept on.  The 1.25” x 1.25” mold was segmented 
into 7mm x 7mm working stamps.  The template was first placed in a laser cutter and a 
low watt laser pulse was used to lightly etch a grid of 7mm x 7mm stamps.  The template 
was removed from the laser and the template was carefully removed from the mold.  A 
straight razor was then used to segment the stamps, following the hatched lines that 
were etched by the laser.  Each individual stamp was carefully removed from the plastic 
grating and placed grating side up in a petri dish. 
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Figure 4 PDMS Stamp Making Process 
 
 
A number of materials were used as substrates in the stamping process.  Within 
phase 1, the stamps were processed on 22 mm x 22 mm x 0.25mm borosillate cover glass 
(Ted Pella, Micro Cover Glass).  Phase 2 stamps were produced on Silicon wafer 
substrates, borosillate glass slides as well as on glass coated with FTO (Solaronix, 
TC022-7).  The original FTO glass measured 50 mm x 50 mm.  The glass was laser 
etched, scored and then broken to create 16.7 mm x 16.7 mm glass substrates. The 
substrate was cleaned by sonication in a bath of acetone for 10 minutes, followed by 
isopropanol for an additional 10 minutes.  
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Printing TiO2 Surfaces 
The stamp was placed feature side up on a level surface.  Approximately 12.5 µL 
of TiO2 solution (Solaronix Ti-Nanoxide T/SC ) was placed directly on the stamp face.  A 
glass rod was used to disperse the solution onto the surface and the stamp was placed 
feature side down on the substrate.  When conditions warranted, the stamp was lightly 
pressed so as to displace trapped air.  The solution was allowed to dry for a minimum of 1 
hour.  The stamps were carefully removed to reveal the transferred, gelled pattern.  The 
process was repeated in a similar fashion to create multiple layers.  After build up of the 
layers, the substrates were heated in a 450°C furnace for 1 hr and allowed to cool over 
night.   
 
Figure 5 TiO2 Pattern Transfer 
 
“Standard” TiO2 samples were prepared with the identical TiO2 solution but 
were prepared via a doctor-blading technique.  A scotch-tape layer was laser etched with 
a cutout in the same dimensions as the printed stamp.  The tape was adhered to the 
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substrate and approximately 12.5 µL of the TiO2 solution was placed in front of the tape 
cutout.  A flexible plastic blade was used as a squeegee to spread the solution across the 
substrate surface.  The solution was allowed to air dry for approximately 1 hour.  The 
process was then repeated for a maximum of 7 iterations.  The substrates were then 
heated in a 450°C furnace for 1 hr and allowed to cool.   
 
Testing Methods 
Sessile-drop contact angle measurements were made using a Kruss DSA30 
Contact Angle Measuring Instrument and the Kruss Drop Shape Analysis software 
(DSA1).   Approximately 5 µL of test liquid was placed onto the substrate with a 30 gauge 
(0.15/0.31mm ID/OD) Nordson tip. Additional liquid was transferred to the initial 
volume with the needle tip suspended in the drop volume.  Angle measurements were 
taken throughout the droplet volume advancement.  The process was repeated for 
additional areas of the sample and on additional samples.  Contact angles were then 
averaged after dropping high and low measurements.  De-ionized (DI) water (Milli-Q), 
ethylene glycol and glycerol (Sigma Aldrich) were used as test liquids.  Surface tension 
parameters for each liquid were based on values compiled in (van Oss). 
XPS was performed with a VG 220i-XL.  The surface of the sample was charge 
compensated (1.51µA) to alleviate charge build-up.  The acceleration voltage was 12kV 
(65W) and the spot size was 500 µm.  The sample was placed perpendicular to the 
detector.  The source was monochromatic Al-Kα (1486 eV), with a line width resolution 
of 0.8 eV.  Spectra were deconvoluted with CasaXPS software. 
AFM measurements were made with a Digital Instruments Dimension 3000-1 
and Si-probe in tapping mode.     
A Hitachi S4700 Field Emission Scanning Electron Microscope (FESEM) was 
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used to capture images of the TiO2 samples.  Imaging was typically conducted at low 
voltage (1kV) and 6mm working distance.  Samples were evaluated from side-on and 
overhead. Side-on samples were typically cleaved through the center of the TiO2 area 
and placed in a sample holder for side-on viewing.  Overhead samples were unaltered.  
TiO2 samples were uncoated and substrates were typically conducting. 
Fourier Transform Infrared Spectroscopy (FTIR) was conducted on a standard 
sample and printed sample, each sintered on the same gold-coated glass substrate, to 
determine the presence of a contamination layer.  The spectrum was take at atmosphere 
and recorded over the range of 400-4000 cm-1 .  The background spectrum was created 
using 64 signal averaged scans while the sample spectra were created using 24 signal 
averaged scans.   
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CHAPTER 4 
RESULTS & DISCUSSION 
XPS Standard Sample 
XPS was used to determine the constituents of the standard sample surface.  A 
survey spectrum was first taken.  The survey showed a dominant O 1s and Ti 2p peak, as 
can be seen in Figure 6.  The C 1s and Si 2p peak were also present, as were the 
associated Auger transitions.   
It should be noted that despite charge compensation, positive charge build was 
present and this led to an initial shift in the peak positions.  This offset in peak locations 
was remedied by re-establishing the adventitious carbon peak.  The C 1s peak was 
originally located at approximately 312.2 eV.  The spectrum was shifted with respect to 
the C 1s peak location of 284 eV, coinciding with the CasaXPS library location for C 1s.  
The total shift was then 28.2 eV.   
This peak drift coincides with the build up of charge, which induces a field that 
counters the electrons kinetic motion, thereby lowering the kinetic energy (KE) of the 
displaced electrons and thus increasing the binding energy (BE) of the sample 
characteristic peak positions.  Corrected peaks are identified in Figure 6 and relative 
concentrations are present in Figure 7. 
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Figure 6 Standard TiO2 Survey Spectrum 
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Figure 7 Standard TiO2 Survey Spectrum with Component Concentration 
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A high-resolution spectrum was taken centered around the O 1s region. As can be 
seen in Figure 8, the O 1s region showed contributions from three multiple states.  The 
peak centered at 529.2 eV was attributed to oxide (O2-), seen in Figures 8 and 9 (O1s_a).  
The central peak, located at 530.9 eV, was attributed to what are likely hydroxyl 
groupings (OH).  The peak at highest BE, centered at 532.4 eV, was attributed to water 
(chemisorbed water).  Peak separation between O2- and OH was calculated at 1.66 eV 
while the separation between the OH and chemisorbed water peak was 1.55 eV.   
Peak separation and peak location seem to correspond somewhat well with values 
presented in the literature for oxide layers grown on metal substrates. (Simmons and 
Beard 1143; McCafferty and Wightman 549).   Albeit, there is some disparity, as 
McCatterty and Wightman found relative peak intensity between the oxide and hydroxyl 
peaks to be nearly equal and the adsorbed water and hydroxyl peak separation in the 
Simmons and Beard study was on the order of half the energy separation as those values 
indicated in this work.  
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Figure 8 High Resolution Standard TiO2 O1s Region with Curve Fitting 
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Figure 9 Standard TiO2 O1s Region Concentration 
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A high-resolution survey was conducted around the Ti 2p region.  The two-peak 
structure presented a shoulder that was skewed towards higher BE.  As can be seen in 
Figure 10, peak fitting seemed to elucidate a structure compromised of two split-states of 
Ti 2p.  The prominent split-peak structure (higher intensity), Ti 2p1/2 and Ti 2p3/2, 
corresponds to a Ti 2p orbital that is split due to the electron spin and the angular 
momentum vector of the orbit (spin-orbit coupling). Upon inspection, it is clear that the 
anti-parallel direction is favored as lower energy necessitates higher binding energy.  The 
total angular momentum, J, is related to the spin, s (+ or – ½). J= 1+s, so J = 1+ 1/2 or 
J= 1 – 1/2.  J is then, J = 1/2 and 3/2.   The peak intensity is proportional to the 
degeneracy, D=2J+1. 
So, J=3/2 yields a degeneracy of 4, while J=1/2 yields a degeneracy 2.  So, the 
expectation would be to see the intensity differ by a factor of 2.  Upon inspection, 
7751/3838 = 2.02, so the experimental result seems to agree quite well with the 
theoretical.  
Keeping in mind that deconvolution and peak fitting is prone to human 
interpretation, there does seem to be some indication of a lower intensity two-peak 
system shifted towards higher BE.  This is somewhat confounding as a sub-oxide or non-
stoichiometric oxide of TiO2 should be shifted towards the lower BE-side of the Ti-oxide 
(Ti4+) peak.  This would then seem to suggest one of two things: the prominent peak 
system is erroneously branded Ti4+ or due to contamination or altered coordination there 
is a slight shift towards higher BE.    
If the high intensity peak system were incorrectly attributed to oxide, this would 
imply the surface is multifaceted, with a high proportion in a TiO or Ti2O3 state, or some 
non-stoichiometric content, while the rest is in a TiO2 state.  While this seems possible it 
seems there may be a somewhat more plausible explanation. 
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Localized charge distribution or an altering of coordination of a few monolayers 
of Ti ions, or perhaps the binding of a contamination layer, could contribute to an altered 
two-peak structure that is shifted toward higher BE.   There is some mention within the 
literature, or at least some interpretation within the context of the peak fitting routine, 
that points towards an altered state that perpetuates this higher BE peak.  
 In interpreting the Ti 2p results of thin TiO2 films on Molybdenum, Kumar et al. 
concluded there was a secondary peak system, shifted towards higher BE, that was 
attributed to the altered coordination and/or the vibrational and/or electrical properties 
of the oxide layer and interface.   
There has been further interpretation in the deconvolution of mixed oxide peaks. 
For a number of zirconia based oxides, Reddy et al. reported positive BE shifts due to, 
again, coordination, and thus implied as requisite a higher population of Lewis acid sites 
on the surface of the mixed oxide.  Similarly, Reiche et al. attribute the higher BE shift 
present in the peak spectra of tin oxides deposited on various metal oxide substrates to 
the differences in the localized charge of ions present on the surface.  As such, there is an 
alteration in the local charge density and/or potential.  Interfacial bonding of the mixed 
oxide, local geometry and altered coordination are provided as factors eliciting this 
positive shift.   
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Figure 10 Standard TiO2 Ti p Region with Curve Fitting 
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Figure 11 Standard TiO2 Ti p Region Concentration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
35 
XPS Printed Sample 
A survey spectrum was taken of the printed sample.  The spectrum showed 
dominant O 1s and Ti 2p peaks, as well as much more pronounced C 1s and Si 2s and 2p 
peaks than those found in the standard sample, as depicted in Figure 12.  This sample 
too was initially shifted due to charge build-up, so the spectrum was reoriented with 
respect to the adventitious carbon C 1s peak. 
 
Figure 12 Printed TiO2 Survey Spectrum  
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Figure 13 Printed TiO2 Survey Spectrum with Component Concentration 
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Figure 14 Printed TiO2 Survey Spectrum near Valance Region 
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A high-resolution scan was taken near the O 1s region.  Two peaks are present, 
one located at 529.26 eV and one located at 532.09 eV.  The peak separation is 2.83 eV. 
This doublet formation is quite perplexing, as one would not quite expect the 
radial symmetry of the O 1s shell to show any splitting. So, upon first inspection it seems 
plausible that the peaks could potentially belong to an atomic oxygen satellite peak 
(shake-up peak) caused by core-level electron removal during the ionization process 
from incoming x-rays.  Interaction would cause the valance electron to shift to higher 
energy and the core electron would then shift to lower energy.  This would necessitate a 
secondary peak with higher binding energy, but peak separation of 2.8 eV seems too 
large to predicate a shake-up peak of molecular oxygen, as peak separation of multiplet 
components 4Σ- and 2Σ- corresponds to values closer to 1-1.1 eV; and, peak locations and 
intensities are quite skewed from those reported (Larsson 1175; Sorensen 095101; 
Nordfors 173).  However, the ratio of peak areas, 17009.12 / 6458.76 = 2.6, is in relative 
agreement with published values.   
The peak could also originate from molecularly adsorbed water though this would 
seem to suggest that there is an over abundance of water on the surface.  Also, the 
printed sample and standard sample saw atmospherically the same environment 
throughout the course of testing so this would imply the printed surface has somehow 
molecularly retained more surface water than the standard.  
There are a number of studies in the literature on the temperature programmed 
desorption of water, and while it is important to keep in mind these studies are often 
conducted at temperatures significantly lower than standard, they seem to suggest water 
preferentially adsorbs to TiO2 (110) with an observable BE peak located next to the TiO2 
oxide peak.  According to Herman et al. this peak is located 3.5 eV above the oxide (O2-) 
peak while a similar study conducted by Hugenschmidt et al. points towards a 
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peak location 2.7 eV above the oxide peak (Herman 2788; Hugenschmidt 329). While 
this may seem to explain the increase in O1s intensity with respect to other constituents 
it does not explain away the increase in Si present in the sample survey.  Further, XPS is 
an ultra-high vacuum technique.  So, one would expect the peak intensity contribution 
from an adsorption layer of water to be quite weak with respect to other constituents-
else, attaining and maintaining such high vacuum would prove problematic.     
Perhaps then it is most likely that the abundance of oxygen and the secondary 
peak formation is due to a contamination layer brought on by the printing process. The 
stamp material used, PDMS, is a polymer consisting of a siloxane backbone with methyl 
groupings attached.  It seems quite plausible the printing process could leave a 
contamination layer loosely attached to the gelled TiO2 precursor surface.  The sintering 
process would then likely carbonize the methyl grouping, leaving a Si-O linkage that 
would readily oxidize and form SiO2. The formation of this SiO2 contamination layer or 
some Ti-silicate hybrid seems quite probable as it remedies the quandary of both the 
increased Si peak intensity and the doublet oxygen peaks, as well as the increase in 
carbon presence.   A number of groups have conducted what amount to co-evolution 
studies of TiO2 and SiO2 films.  These studies tend to formulate the energy locations of 
the O1s peak(s) with respect to TiO2 and SiO2 concentration.   
Fang et al. used precursor solutions and ultraviolet photo-induced chemical 
vapor desorption to create Er-doped SiO2-TiO2 films.  Their study shows evolution of 
the O1s BE due to the percentage of precipitated Ti.  In their studies, BE decreased with 
metal concentration, 532.5 eV for a hybrid film with a 5% Ti concentration to an O1s 
peak located at 530.75 eV for a film produced with 15% Ti concentration, a difference of 
1.75 eV (Fang et al. 209). 
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Netterfield et al. conducted a co-evaporation study of SiO2 and TiO2 from 
separate electron beam sources coupled with simultaneous oxygen ion bombardment.  
Their work showed the evolution of a film that was produced with 100% TiO2 towards 
the creation of a film that was 100% SiO2.  Throughout the study there was a continual 
shift in BE, or evolution of the BE, from one extreme to the other.  Netterfield et al. 
recorded a peak at 529.7 eV for a 100% TiO2 films and a peak centered 2.9 eV away at 
532.6 eV, for a peak that was 100% SiO2 (Netterfield et al. 1805).  Varied concentrations 
of the oxides had BE that fell in-between these two bookend values. 
Sirimahachai et al. produced silica core-shell structures that were decorated with 
TiO2 nanoparticles.  Their study showed the evolution of the O1s peak structure as a 
percentage of TiO2 and SiO2 present.  BE values corresponding to 100% TiO2 were 
recorded at 531.9 eV while the BE fell at 538.4 eV for the undecorated silicate core- 
structure.   SiO2 peak intensity decreased and shifted towards lower BE with increased 
TiO2 concentration.  A doublet structure existed for TiO2 concentrations of 30-50% and 
the peak separation for the two extreme values (100% SiO2 – 100% TiO2) was 6.5 eV 
(Sirimahachai et al. 53). 
Masuda et al. formed TiO2 surfaces from precursor solutions on self-assembled 
monolayers (SAMs).  Phenyltrichlorosilane SAMs were patterned on Si-substrates with 
an UV irradiated mask and silanol/phenyl micropatterns were formed.  Aqueous 
precursor solutions were then deposited on these surfaces at elevated temperatures. 
Octadecyltrichloro-silane SAMs were also patterned onto Si-substrates and solutions of 
TiO2 were deposited.  TiO2 surfaces were then created through hydrolysis and 
condensation of the titanium compounds present in solution.  XPS results for three 
different precursor solutions showed an O1s doublet structure. Peaks attributed to Ti-O 
bonding were found at 530.3, 529.7 and 530.3 eV respectively.  Peaks associated with Si-
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O coupling were found at 532, 531.3, 531.9 eV. Peak separation was then between 1.7 and 
1.6 eV (Masuda et al. 1236). 
Huang et al. formed TiO2 layers from the deposition of precursor solution onto 
functionalized SAMs of a silane-coupling agent.  XPS results showed an O1s doublet peak 
structure.  The peak located at 532 eV was attributed to Si-O bonding, while a peak 
present 1.9 eV below the Si-O peak, at 530.1 eV, was attributed to Ti-O bonding.  Further 
they attributed the Ti-O bond to the attachment of Ti-alkoxide to the functionalized 
sulfonic acid end groups present on the SAMs (Huang et al. 110).  
Finally, Fulton et al. conducted plasma enhanced oxidation and electron beam 
evaporation of Ti on a Si-substrate.  This study showed the evolution of the O1s peaks 
with respect to Si/Ti concentration.   A peak at 530.3 eV was attributed to oxide while the 
peak located 2.5 eV away, at 532.8 eV, was attributed to a Ti-silicate (Fulton et al. 1726).   
The peak locations and energy separation formalized in this work then seem to be 
in the same vein as those reported in the literature.    
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Figure 15 Printed TiO2 O1s Region with Curve Fitting 
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Figure 16 Printed TiO2 O1s Region Concentration 
 
 
A high-resolution scan was taken near the Ti 2p region of the printed sample.  
Two peaks are present, one located at 455.12 eV and one located at 460.84 eV.  The peak 
separation is 5.7 eV.  Much like the standard sample, the Ti 2p spectrum of the printed 
sample shows the intrinsic Ti 2p spin-orbit coupling.  The ratio of degeneracy should 
again be 2, and upon inspection the calculated ratio of corrected intensities is 2.18 (See 
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Figure 18, 4725/2172 = 2.18).  While the ratio is near 2, the anti-parallel spin appears 
more favored.  Also of note, there seems to be no underlying oxide or hydroxyl 
groupings, which would seem to suggest the printed surface is more defect free than the 
standard surface. 
 
Figure 17 Printed TiO2 Ti p Region with Curve Fitting  
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Figure 18 Printed TiO2 Ti p Region Concentration 
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AFM Roughness 
Roughness measurements were made on a standard sample and printed sample.  
The RMS roughness, as calculated on a 10 µm x 10 µm area, was 156.2 nm for the 
standard and 35 nm for the printed sample, see Figure 20 and Figure 23.  It should be 
noted, the surface of the standard sample suffered from large deflections and in general 
was inhomogeneous.   That is to say, the surface contour was much like a mountainous 
region, with canyons, peaks and valleys, while the printed sample was perhaps more 
synonymous to a plowed field or glaciated, rolling hills.  See Figure 21 and Figure 24 for a 
sectional view of a region of the standard sample and printed sample.  Also, note the 
scale of the z-direction in Figures 19 and 22. 
 
 
Figure 19 Standard TiO2 Surface Region Image via AFM 
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Figure 20 Standard TiO2 Surface Region Roughness via AFM 
 
 
Figure 21 Standard TiO2 Surface Region Section Image via AFM 
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Figure 22 Printed TiO2 Surface Region Image via AFM 
 
 
 
Figure 23 Printed TiO2 Surface Region Roughness via AFM 
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Figure 24 Printed TiO2 Surface Region Section Image via AFM 
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Surface Energy 
Surface energy measurements were made using liquid parameters complied from 
van Oss, see Table 1.  Angular measurements were averaged.  The total surface energy of 
the printed TiO2 sample was calculated as 35.42 mN/m.  The LW-portion was calculated 
as 35.43 mN/m while the AB-portion was calculated as -0.01 mN/m.  While the AB-
portion is negligible, the base entity contributed to the AB-surface energy, while the acid 
entity was zero. 
 
Table 1 Liquids used for Surface Energy Calculation and Measured Angle 
 
 
Printed Layer Thickness 
Printed sample layer thickness measurements were made by averaging thickness 
measurements and dividing by the total number of layers. The average layer thickness, as 
determined from viewing cleaved 5 and 7 layer samples side-on in SEM, was 376-449 
nm.  Figure 25 is an example of a typical cleaved sample.  The sample was printed on a 
glass substrate, in this case 7 times, and sintered.  The substrate was then cleaved so as 
to expose an edge-on view of the internal printed sample.  The scale bar is 2 µm. It would 
seem the printing process is capable of quite easily printing layers with control of 
thickness variability to less than 100 nm.  This could potentially be improved upon, as 
the TiO2 solution in this study was simply spread using a glass rod.   
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Figure 25 Printed 7 Layer TiO2 Sample Bisected, Side-on View 
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FTIR Study  
 FTIR spectra were taken of a standard sample and a printed sample, Figures 26 
and 27.  The juxtaposition of standard and printed sample spectra shows significant 
differences in spectral features. A number of peaks, at specific wavenumbers, correlate to 
important markers that are intrinsic to SiO2, and thus seem to point strongly towards 
the formation of a SiO2 layer.   
There is a peak structure present for both the printed and standard sample, at 
~1630 cm-1.  This peak can be attributed to the bending mode of the hydroxyl group that 
is indicative of water present on the sample surface or within the localized atmosphere 
(Lappi 2611).  The peak present in the spectra of the printed sample, at ~1260 cm-1, can 
likely be attributed to the longitudinal optic (LO) mode of Si-O-Si asymmetric bond 
stretching, while the peak at ~1030 cm-1 is likely associated with the transverse optic 
(TO) mode of Si-O-Si asymmetric bond stretching (Kirk 1255; Ferguson et al. G528; 
Bjorkman et al. 313).  There seems to also exist an inflection point at ~800 cm-1.  A peak 
at this wavenumber would seem to indicate the symmetric bond stretching of Si-O-Si 
(Kirk 1255).   
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Figure 26 FTIR Spectrum, background subtracted 
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Figure 27 FTIR spectrum, background subtracted with trace and noted peaks 
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CHAPTER 5 
CONCLUSION 
 
Closing Remarks 
It seems quite plausible then that the printing process combined with the 
elevated temperature brought on by sintering leads to the formation of a contamination 
layer of SiO2 and/or some form of a Ti-silicate.  The heterogeneous layers are likely 
stratified, or perhaps more clearly stated, the SiO2 layer coverage is in a truly 
independent monlayer-like condition, as the independent peaks that represent two 
different states of oxygen are completely resolved. That is to say, there is not some 
additive, combined peak structure that is indicative of a mixed, homogenous layer of Ti, 
Si and O.  The FTIR spectrum of the printed sample seems to establish with more 
certainty than the O1s XPS spectrum alone this presence of SiO2.  The existence of 
optical phonon modes, that are consistent with those of SiO2, are present in the FTIR 
spectra.  Further, these modes do not exist in the spectra of a standard sample that was 
prepared without the utilization of a PDMS stamp. 
So then, there also seems to be a likely culprit in this contamination layer issue.  
The constituents of the PDMS stamp are methyl groupings that are attached to a siloxane 
backbone.  The contamination process could then form through a scheme of the 
following:  
Upon removal of the stamp from the gelled TiO2 layer, the TiO2 surface atoms 
preferentially bind or adhere to the outer-most layer of the PDMS stamp, leaving behind 
several monolayers of PDMS stamp that are attached to the TiO2 surface.  The sintering 
phase of TiO2 sample preparation then easily carbonizes the hydrocarbons present in the 
contamination layer. This leaves a layer(s) of Si-O that could easily oxidize into a SiO2 
state.  This progression of events may also speak to the increased prevalence of 
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carbon in the printed XPS survey spectrum.  It seems likely as well that a Ti-silicate, at 
the interface of the printed TiO2 layer and the contamination layer, might also exist.  
Further study could speak to the exact state of the surface.   
There are a number of avenues to take in the future that could help establish with 
more certainty the true character of this surface.  A high-resolution spectrum of the 
printed Si 2p peak could show an altered state that might help establish with more 
certainty the prevalence of SiO2.  Angular resolved XPS on the printed sample could help 
establish the concentration of the SiO2 layer with respect to the TiO2 “bulk”. By altering 
the incidence of the sample with respect to the detector, one would see how the intensity 
of the core elements changed with the angle of incidence.  This could help establish the 
scope to which the contamination layer prevails with respect to the underlying TiO2.  
Similarly, the surface of the sample could be in situ etched and subsequent spectra taken 
that could speak to the extent to which the contamination layer has propagated.   
This surface study looked preferentially at core electron excitations.  While core 
electrons can certainly be influenced by the bonding state of the atom, it might also be 
pertinent to look more closely at how valence electrons associate with one another.  This 
may be possible using XPS techniques or could be carried out using a combination of 
ultra high vacuum (UHV) techniques, e.g. High Resolution Electron Energy Loss 
Spectroscopy (HREELS), Ultraviolet Photoelectron Spectroscopy (UPS).  Such 
techniques might provide insight into the chemical/bond state of the surface elements.
 Scanning/transmission electron microscopy (S/TEM) coupled with some form of 
chemical analysis, e.g. HREEL, could, on an atomic scale, provide insight into what truly 
constitutes the surface.  This would require careful sample preparation and it may prove 
difficult in attaining samples of sufficient quality that represent the current set of 
samples.  That said, this technique would seem to establish with near certainty the 
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atomic state of the surface.   
It might prove applicable, and would certainly be interesting, to study the 
interface of the contaminate layer of SiO2 and that of the TiO2 under-layer.  Again, using 
some form of chemical analysis on the atomic scale, one could potentially speak to the 
energetically preferred arrangement of atoms on both the TiO2 and SiO2 surfaces, and 
speak to any Ti-silicate that may exist and their atomic arraignment.  While the nature of 
the printing process seems to preclude the construction of a true single crystal state, and 
water is certainly not silicon, perhaps single crystal studies offer a potential platform to 
step towards in determining the energetically preferable state of interface construction of 
SiO2 and TiO2.  Vittadini et al. have shown that water preferentially dissociates on the 
antase (001) surface, or that is to say it is more energetically favorable; while, water 
adsorbs molecularly on the (101) surface (Vittadini et al. 2954).  Lazzeri et al. have shown 
the relaxed antase (101) surface is the low-energy surface (Lazzeri, Vettadini, and Selloni 
155409).   A continued search of literature coupled with experimental techniques could 
prove quite fruitful in interface determination. 
The motivation for establishing a printing process for TiO2 was as a means to 
creating devices.  The PDMS printing process offers relative ease in TiO2 layer 
manufacture and dimensional controllability. While this study dealt solely with a TiO2 
solution, it seems reasonable to think this printing method has pertinence for all sorts of 
other solution-dispersed chemistries.  So, while the nature of these devices was of the 
photo-electro-chemical type, the contamination issue would seem to preclude the use of 
this method for a number of other potential technologies.  It then would seem relevant, if 
the goal is to continue to use a PDMS printing technique, to investigate processes that 
might remove the contaminate layer either pre- or post-sintering.  It is quite common to 
remove SiO2 layers in the semiconductor industry with strong acids, but perhaps there is 
58 
some other process that could be established to remove the SiO2 layer, if again, the end 
goal is insuring the chemical viability of the under-layer.  Controllability of the TiO2 
printed layer thickness, through a more robust dispersion method than that used, would 
also be of pertinence if the end goal is to establish a viable device.  
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